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1. 

CONCATENATED CODES FOR 
HOLOGRAPHC STORAGE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This claims the benefit of copending, commonly-assigned 
U.S. Provisional Patent Application No. 60/882,762 filed 
Dec. 29, 2006, which is hereby incorporated by reference 
herein in its entirety. 

BACKGROUND OF THE INVENTION 

This invention generally relates to systems and methods for 
designing error-correcting codes used to write and read data 
on data storage channels. In particular, embodiments of the 
invention pertain to systems and methods for constructing 
high-performance concatenated codes for holographic data 
storage channels. 
As demand for digital data storage capacity increases, data 

storage systems must continue to store and retrieve data accu 
rately, reliably, and quickly. The accuracy, reliability, and 
throughput of data storage may decrease due to any number of 
Sources for error. For example, noise or interference present 
in the data storage channel, defects in a data storage medium, 
and intersymbol interference may result in data read or write 
errors. Some communication or data storage channels are also 
Subject to errors which are dependent on the particular data 
symbols being written to or read from the data storage chan 
nel. In other words, the statistics, such as the mean and Vari 
ance, of the noise corrupting the signals corresponding to the 
data symbols are different or asymmetric. Inevitably, the data 
stored in data storage systems using Such channels is a dis 
torted version of the written data. 

Data storage systems often use error-correcting codes to 
increase data storage accuracy, reliability, and throughput. 
Error-correcting codes may achieve these improvements by 
encoding data at a transmitter, often during the data writing 
process, into a set of data symbols. This encoding process 
adds redundancy, so that the length of the block of data 
written to the data storage medium is often longer than the 
amount of originally transmitted data. Decoding may be per 
formed by employing an efficient decoding algorithm after 
the data is read from the data storage medium. This decoding 
algorithm may be implemented on data processing circuitry, 
Such as a field-programmable gate array (FPGA) or applica 
tion specific integrated circuit (ASIC). 
One error-prone data storage system is a holographic data 

storage system, which uses a holographic disk as its data 
storage medium and transmits data over a holographic data 
storage channel. In certain holographic data storage systems, 
data is arranged in an array, or page, of about a million (or 
more) bits. The pages may then be organized into chapters, 
and the chapters may be organized into books. High data 
storage densities of up to 320 pages per book have been 
achieved. These pages are stored within the same three-di 
mensional disk space, with each page offset from the next one 
by a very small angle (e.g., offset by 0.067 degrees). In 
addition, in order to achieve high storage densities, the spac 
ing between the books may be minimized (e.g., book spacing 
of 700 micrometers has been achieved). Further, the holo 
graphic data storage channel is often an asymmetric channel. 
Due to these and other characteristics of holographic data 

storage systems, powerful error-correction codes are needed 
to minimize the system's bit error rate (BER) and/or sector 
error rate (SER) and maximize the system's coding gain. The 
BER is the ratio of the number of incorrectly decoded data 
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2 
bits versus the total number of transmitted data bits. Similarly, 
the SER is the ratio of the number of incorrectly decoded 
sectors/blocks of data bits versus the total number of trans 
mitted sectorS/blocks. Finally, the signal to noise ratio is the 
ratio of signal power to noise power as data is transmitted on 
a channel. Such as a holographic data storage channel. 
Because holographic storage channels have strict system 
requirements, very strong error correction codes are needed 
that achieve large SNR gains. 
One method for achieving higher performance of forward 

error correction codes without the use of particularly long 
codes is to use a family of codes known as concatenated 
codes. For example, FIG. 1 shows system 100 for encoding 
and decoding user information using a concatenated code. A 
simple concatenated code is formed from two codes: an (n, 
k) code Candan (nk) code C. More than two codes may 
be used in other concatenated code implementations. Concat 
enation of two error correcting codes typically utilizes an 
inner encoder or decoder and an outer encoder or decoder. 
The terms “inner and “outer refer to the physical location of 
the encoders/decoders in the transmission system relative to 
the communication channel. As shown in the example of 
system 100, inner encoder 104 and inner decoder 108 are 
positioned closer to channel 106, while outer encoder102 and 
outer decoder 110 are positioned outside of inner encoder 104 
and inner decoder 108, respectively. 

System 100 includes concatenated encoders 102 and 104 
where outer encoder102 has a (nk) code and is coupled to 
inner encoder 104 of a (n, k) code. The output of encoder 
104 may be stored on or written to channel 106. The stored 
data may be received by a receiver comprising concatenated 
decoders 108 and 110. Inner decoder 108 may decode code 
(n, k), and outer decoder 110 may decode code (nk). 

FIG. 1 illustrates the typical encoding process used with 
concatenated codes. The encoding process typically consists 
of two steps. First, the binary user information data is parsed 
into blocks of k user information digits each. These k bits 
are then encoded according to the rules for C to form an 
n-bit codeword. Second, the n-bit codewords are grouped 
(and possibly interleaved) and then parsed into blocks of k. 
bits. Then, each block of k bits is encoded into a codeword in 
C, resulting in a string of codewords of C. These digits may 
then be transmitted one codeword at a time in Succession onto 
channel 106. 
The decoding process is also generally performed in two 

steps. Decoding is first performed for each C codeword as it 
arrives using a decoding algorithm for the inner code, and 
then the check digits (or parity bits) are removed. These bits 
are then decoded using a decoding algorithm for the C outer 
code, resulting in the final corrected user information. 
Although the example of system 100 shows one-level con 
catenation, multi-level concatenation may also be used. In 
multi-level concatenation, several codes are used to form 
multiple concatenated codes. These codes may then be com 
bined to form an overall concatenated code. 

Since the accuracy and reliability of a holographic data 
storage system suffers when the SNR is low, there is a con 
tinuing interest in constructing efficient concatenated codes 
that will provide significant improvements in SNR when 
implemented on particular data storage channels. 

SUMMARY OF THE INVENTION 

In accordance with the principles of the invention, systems 
and methods for constructing concatenated codes are pro 
vided. In general, the systems and methods realize this con 
struction through a series of processing steps which take into 
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account parameters related to the desired performance, 
throughput, and memory usage of the concatenated codes 
when implemented in an accompanying decoder. Generally, 
the decoder is implemented in part of the resources or 
memory of a field programmable gate array (FPGA) or an 
application specific integrated circuit (ASIC). 

Specifically, an outer Bose, Chaudhuri, and Hocquenghem 
(BCH) encoder is configured to encode user information and 
output BCH codewords. An inner iterative encoder, such as a 
low-density parity check (LDPC) or turbo encoder, is respon 
sive to the output of the BCH encoder and outputs resultant 
codewords that are then written to a channel. Such as a holo 
graphic data storage channel. To decode the encoded infor 
mation on the channel, the encoded information is received by 
an inner iterative decoder, such as an LDPC or turbo decoder. 
A BCH decoder is responsive to the output of the inner 
iterative decoder and outputs the decoded, corrected user 
information. 

In some embodiments, the outer code (e.g., the BCH code) 
may be designed to remove up to Terrors. 
Thus, the correction power, T., of the outer BCH code may 
be chosen according to the estimated or projected defect size. 
The outer BCH decoder may operate on the codeword level, 
where each codeword may typically include interleaved bits 
from one page of a holographic storage channel. In some 
embodiments, the outer BCH encoder may additionally or 
alternatively operate on the page level. 

After the correction power for the outer BCH code is 
selected, the inner code rate may be selected based on the 
overall system code rate requirement. This overall system 
code rate requirement may be based, at least in part, on the 
required or desired SNR coding gain. For example, the inner 
code rate may be chosen in accordance with: 

Rs 
Rinner = RBCH 

(EQ 1) 

where R is the code rate of the inner code, R is the overall 
system code rate, and R is the code rate for the outer BCH 
code. 

After the inner code rate has been selected based on the 
overall system code rate requirement, the inner, iteratively 
decodable code may be designed for the given inner code rate. 
Finally, the outer BCH code may be designed for the given 
outer code rate (i.e., the correction power. T). 

In some embodiments, one or more of the inner code and 
the outer code may be programmable in that the correction 
powers or code rates may be set according to required channel 
conditions (e.g., for a given defect condition). An ECC pro 
cessor or software Subroutine may set the correction power or 
code rate of the inner code, the outer code, or both the inner 
and outer codes. Programmable input signals may also be 
provided on a field programmable gate array (FPGA) or an 
application specific integrated circuit (ASIC). The program 
mable input signals may be used to program the desired 
correction power or code rate. The correction power or code 
rate of any of these codes may be dynamically set or adjusted 
to adapt to varying (e.g., time-varying) defect conditions, 
resulting in a more robust concatenated code implementation. 

In some embodiments, a mother matrix representation of a 
quasi-cyclic parity check matrix may be constructed for a 
particular LDPC inner code. The number of rows, M, in the 
mother matrix may then be reduced by some number of rows, 
and the extra bits may be used for the outer code (e.g., the 
BCH code). This may allow for accordingly higher outer code 
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4 
(e.g., BCH code) correction power. Any remaining informa 
tion bits for the inner LDPC code may be set to some known 
pattern (e.g., the remaining bits may be padded with Zero 
bits). In some embodiments, to achieve even greater flexibil 
ity in the inner versus outer code rates, only a portion of a 
mother matrix row may be used. Using only a portion of a 
mother matrix row may increase implementation complexity, 
but allow for a wider spectrum of coding rates. 

Another programmable code uses a set of stored inner 
codes (e.g., a set of stored LDPC codes), each code having a 
different value of M, and the same circulant size S. Then, one 
of the inner codes in the code set may be programmably 
selected depending on the channel conditions, the channel 
detector performance, and/or the desired sector error rate 
(SER). Similar to the embodiment described above, the out 
put of the outer encoder may be padded with a known value 
(e.g., Zero padding may be used) before the inner encoding 
step. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other advantages of the invention will be 
apparent upon consideration of the following detailed 
description, taken in conjunction with the accompanying 
drawings, in which like reference characters refer to like parts 
throughout, and in which: 

FIG. 1 shows a illustrative concatenated encoding and 
decoding sequence in accordance with one embodiment of 
the invention; 

FIG. 2 shows an illustrative set of signal statistics for an 
asymmetric Gaussian channel in accordance with one 
embodiment of the invention: 

FIG. 3 shows an illustrative system for generating inter 
leaved codewords from a holographic storage channel in 
accordance with one embodiment of the invention; 

FIG. 4 shows the illustrative effect a defect line has on an 
illustrative LDPC code in accordance with one embodiment 
of the invention; 

FIG. 5 shows an illustrative concatenated encoding/decod 
ing system in accordance with one embodiment of the inven 
tion; 

FIG. 6 is an illustrative process for designing an inner and 
outer code in accordance with one embodiment of the inven 
tion; 

FIG. 7A shows a block diagram of an exemplary hard disk 
drive that can employ the disclosed technology; 

FIG. 7B shows a block diagram of an exemplary digital 
Versatile disc that can employ the disclosed technology; 

FIG. 7C shows a block diagram of an exemplary high 
definition television that can employ the disclosed technol 
Ogy, 

FIG. 7D shows a block diagram of an exemplary vehicle 
that can employ the disclosed technology; 

FIG.7E shows a block diagram of an exemplary cellphone 
that can employ the disclosed technology; 

FIG.7F shows a block diagram of an exemplary set top box 
that can employ the disclosed technology; and 

FIG. 7G shows a block diagram of an exemplary media 
player that can employ the disclosed technology. 

DETAILED DESCRIPTION 

The systems and methods of the invention generally relate 
to correcting and/or detecting errors associated with the com 
munication and/or storage of data. In general, and as will be 
discussed in more detail below, Such communication or data 
storage occurs on a channel, which refers to a medium on 
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which a data-bearing signal is communicated and/or stored, 
as well as events that may physically affect the medium. 
Various aspects of a channel may corrupt data that is commu 
nicated or stored thereon, and the data recovered Subsequent 
to communication or storage may be different from their 
intended values. Such differences are referred to as errors. 
Some communication and/or data storage channels are 

subject to errors which are dependent on the data symbol 
being transmitted. In other words, the statistics, such as the 
mean and variance, of the noise corrupting the signals corre 
sponding to the data symbols are different. An example of 
Such a channel is the channel whose signal statistics are 
depicted in FIG. 2. 

FIG. 2 shows an illustrative set of noise components with 
asymmetrical signal statistics for an asymmetric Gaussian 
channel. Graph 200 shows the value of the channel's prob 
ability density function on its y-axis 201, and the value of the 
input to the probability density function on the x-axis 202. 
The signal statistics for the noise component corresponding 
to bit “O'” is shown as first probability density function 210. 
First probability density function 210 is Gaussian and has 
mean Llo 211 and variance Oof. The signal statistics for the 
noise component corresponding to bit “1” is shown as second 
probability density function 220. Second probability density 
function 220 is Gaussian and has mean L 221 and variance 
O. Note that in FIG. 2, Lozu and Oozo’. 

In various embodiments, the asymmetric channel statistics 
depicted in graph 200 may include any number of probability 
density functions 210 and 220, including 1, 2, 3, 4, 5, 8, 10. 
15, 20, 30, 40, 50, 75, 100, or more than 100 probability 
density functions corresponding to noise components of a 
similar number of data symbols. In addition, the probability 
density functions may depict the values of a uniform random 
variable, exponential random variable, geometric random 
variable, Poisson random variable, or any such Suitable ran 
dom variable that describes a random process. 
The asymmetric signal statistics shown in graph 200 may 

be the signal statistics of a data communications channel, 
magnetic storage channel, holographic storage channel, or 
any suitable type of channel. The systems and methods 
described herein may be applied to asymmetric channels in 
general, and holographic storage channels in particular. In 
holographic storage systems, data may be arranged in an 
array or page of around a million (or more) bits. The pages 
may be organized into chapters, the chapters may be orga 
nized into books, and the books may be organized into Vol 
umes. To read the data that is written in a given volume from 
a holographic storage channel for a holographic storage sys 
tem, a laser beam is deflected off of a hologram to produce a 
3-D image which is a distorted version of the originally stored 
data. This 3-D image is then projected onto a detector that 
reads the data in parallel off of the holographic storage chan 
nel for the holographic storage system. This parallel read out 
of data provides the holographic storage channel with fast 
data transfer rates. 
As previously mentioned, holographic storage systems 

typically store data in pages. As shown in system 300 of FIG. 
3, data may be stored on or across pages 301,303, and 305. 
The SNR of a single page is usually not uniform across the 
entire page. For example, due to the properties of the holo 
graphic storage channel, data stored along the perimeter of 
page 301 may have a lower SNR than data stored in the center 
area of the page. As such, page 301 may exhibit several 
different SNR values. As shown in the generalized example of 
FIG. 3, page 301 exhibits three different SNR values, SNR, 
SNR, and SNR. Since the SNR is typically not uniform 
across a page, data stored on page 301 is typically interleaved 
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6 
by interleaver 307 in order to create codewords 309 for decod 
ing. Interleaving may help equalize the SNR of codewords 
309. Sample codeword 311 shows an codeword formed from 
interleaved portions of page 301. 
As previously mentioned, there are several potential 

Sources of errors in holographic storage systems. In addition 
to Gaussian noise and the issue of non-uniform SNR across a 
page, the holographic channel and/or channel detector occa 
sionally may also introduce errors or defect bits. For example, 
an entire line or strip in a page may be read or written incor 
rectly. This entire strip or line may include defect bits. As 
shown in system 400 of FIG.4, page 402 may include at least 
one defect line, such as defect line 404. Since defect line 404 
may be interleaved before encoding/decoding, the bits in 
defect line 404 may be spread into different codewords. 

For example, as shown by the generic bi-partite graph 
representation of LDPC codes shown on the right in FIG. 4 
(also known as a Tanner graph), several variable nodes. Such 
as variable node 406, may include bits from defect line 404. 
These defect bits may be used by permutation block 408 to 
connect to check nodes, such as check node 410. In addition, 
bits from defect line 404 may be interleaved into different 
codewords. Iterative codes, such as LDPC or turbo codes, are 
very susceptible to these types of defects. 

Iterative algorithms (e.g., belief-propagation or generally 
soft-input/soft-output algorithms, such as BCJR or SOVA) 
may use Soft information in making detection decisions. 
Therefore, these types of algorithms may be especially vul 
nerable to defect input log-likelihood ratios (input LLRs), 
particularly those defect input LLRS with large magnitudes. 
For example, the LLR for bit i may be given in accordance 
with: 

( P(b = 0 |y) (EQ 2) 
LLR = lost. = 1 H) 

where P(b0) is the probability of biti being “0” and P(b 1) 
is the probability of bit i being “1” given the detected signal, 
y. Assuming the maximum (or a large) LLR amplitude for the 
defect LLR values, the performance of an LDPC code (or 
otheriterative code) on a holographic channel Suffers greatly 
with a large number of defect LLRs. 

However, using a concatenated code on these channels, and 
in particular on holographic storage channels, results in 
improved performance with a lower error rate at increased 
SNR ranges. As shown in system 500 of FIG. 5, a concat 
enated code may be used where a BCH code is used as the 
outer code and an iteratively decodable code (Such as an 
LDPC code or turbo code) is used as the inner code. User 
information 502 may be first encoded by BCH encoder 504. 
BCH codewords 506 may be output by BCH encoder 504. 
BCH encoder 504 may also receive one or more user-pro 
grammable inputs. Such as programmable input 503, for set 
ting various properties of the BCH code. For example, as 
described in more detail below, the user may set the BCH 
correction power, T. Of the BCH code. Programmable 
input 503 may also be used to select one specific BCH code 
from a set of available BCH codes with different rates and/or 
performance characteristics. In some embodiments, pro 
grammable input 503 is coupled to an ECC processor or 
software subroutine that dynamically adjusts the T. 
parameter value and/or selects the desired BCH code in real 
time. 
BCH codewords 506 may then be encoded by iterative 

encoder 508. For example, iterative encoder 508 may include 
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an LDPC encoder, a turbo encoder, or any other encoder for 
an iteratively decodable code. In some embodiments, itera 
tive encoder 508 is configured to operate in a plurality of 
different modes where a different type of code is used for 
encoding in each mode. For example, programmable input 
507 may select which type of code to use. As described in 
more detail below, programmable input 507 may also be used 
to select one specific LDPC code from a set of available 
LDPC codes with different rates and/or performance charac 
teristics. In some embodiments, programmable input 507 is 
coupled to an ECC processor or software subroutine that 
dynamically selects the desired LDPC code in real-time 
based on varying channel error statistics. Resultant code 
words 510 may then be stored on, or communicated across, 
channel 512. Channel 512 may include any data communi 
cations or storage channel. Such as a magnetic storage chan 
nel, optical storage channel, holographic storage channel, or 
any other suitable type of channel. To decode the encoded 
information on channel 512, received waveform 514 is read 
from channel 512. Received waveform 514 may first be 
decoded by iterative decoder516. BCH decoder 518 may then 
be responsive to the output of iterative decoder 516. Finally, 
BCH decoder 518 may output corrected and decoded user 
information 520. 
The outer BCH code may be chosen so that it removes up 

to Terrors. In other words, the correction power, T., of the 
BCH code may be chosen to clean up all (or most of) the 
errors after the inner iterative decoder (i.e., iterative decoder 
516). As previously described, iterative decoder 516, which 
uses soft information in the decoding process, often fails on 
some of the bits whose LLRs were in defect line 404 (FIG. 4). 
BCH decoder 518, which uses hard information, is designed 
to correct the remaining errors in the output of iterative 
decoder 516. 

In some embodiments, the outer BCH code may operate on 
the codeword level (where each codeword typically includes 
interleaved bits from a single page). In other embodiments, 
the BCH encoding/decoding may be multiplexed to operate 
on the page level. In either implementation, the concatenated 
code may yield better performance (i.e., lower error rates) 
than using an iteratively decodable code alone. 

FIG. 6 shows illustrative process 600 for constructing a 
concatenated code for encoding and decoding user informa 
tion on a communication or storage channel (e.g., a holo 
graphic storage channel). At step 602, the outer BCH code 
correction power, T, may be selected based on the pre 
dicted defect size. For example, the number of output errors 
from the inner iterative encoder/decoder may be experimen 
tally determined at some target SNR. This determination may 
also be based on projected or estimated noise levels within the 
system or channel or known or estimated error statistics of the 
particular channel. In some embodiments, as described in 
more detail below, the value ofT may also be a program 
mable input. 

At step 604, the inner code rate may be selected based on 
the overall system code rate requirement. The overall system 
code rate requirement may be based, at least in part, on the 
required or desired SNR coding gain. For example, the inner 
code rate may be computed in accordance with EQ 1 in some 
embodiments. After the outer BCH code correction power is 
selected at step 602 and the inner code rate is selected at step 
604, the inner code and outer code may be designed at steps 
606 and 608, respectively. In some embodiments, steps 606 
and 608 may be combined into a single joint implementation 
step, taking into account the error Statistics of both codes. The 
inner code that is designed at step 606 may be any iteratively 
decodable code, such as an LDPC or turbo code. For example, 
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8 
the inner code may bean LDPC code constructed or designed 
according to the methods and systems described in com 
monly-assigned U.S. patent application Ser. No. 1 1/893.936, 
filed Aug. 17, 2007, which is hereby incorporated by refer 
ence herein in its entirety. 

In practice, one or more steps shown in process 600 may be 
combined with other steps, performed in any suitable order, 
performed in parallel (e.g., simultaneously or Substantially 
simultaneously), or removed. 

In some embodiments, the inner code, the outer code, or 
both the inner code and the outer code are at least partially 
user-programmable. For example, in Some embodiments, a 
mother matrix representation of a quasi-cyclic parity check 
matrix may be constructed for a particular LDPC inner code. 
The number of rows, M, in the mother matrix may then be 
reduced by some number of rows, and the extra bits may be 
used for the outer code (e.g., the BCH code). This may allow 
for an accordingly higher outer code (e.g., BCH code) cor 
rection power. Any remaining information bits for the inner 
LDPC code may be set to some known pattern (e.g., the 
remaining bits may be padded with Zero bits). In some 
embodiments, to achieve even greater flexibility in the inner 
Versus outer code rates, only a portion of a mother matrix row 
may be used. Using only a portion of a mother matrix row 
may increase implementation complexity, but allow for a 
wider spectrum of coding rates. 
The user may select the M. parameter and/or the desired 

BCH correction power using one or more of programmable 
inputs 503 and 507 (FIG. 5). For example, to indicate a BCH 
correction power T-34, the user may set programmable 
input 503 (FIG.5) to some predetermined value. Any suitable 
correction power may be selected by setting programmable 
input 503 (FIG. 5) to some other predetermined value. 
As an example, in one embodiment, a quasi-cyclic LDPC 

code with 32 rows and 64 columns in the mother matrix may 
be used. Reducing the number of rows, M, in the mother 
matrix achieves a higher code rate of the LDPC code and 
allows for an accordingly higher BCH correction power. As 
an example, with a circulant size S. of 512, if the value of M 
is reduced from 32 to 31, 512 extra bits may be used by the 
outer BCH code. The correction power of the BCH code can 
then be set to, for example, T-34 with a field size m=15. 
The remaining bits (e.g., 512-(34x15), or 2 bits, in the above 
example) may be set to any known pattern. For example, the 
remaining bits may be padded with Zero bits. In more com 
plex implementations, only a part of a row of the mother 
matrix may be used. This may allow for a wider range of 
coding rates and correction powers. 

Another programmable approach uses a set of more than 
one inner (e.g., LDPC) code, each code having a different 
value of M, and the same circulant size S. 
Then, one of the inner codes in the code set may be program 
mably selected depending on the channel conditions, the 
channel detector performance, and/or the desired sector error 
rate (SER). Similar to the embodiment described above, the 
output of the outer encoder may be padded with a known 
value (e.g., Zero padding may be used) before the inner decod 
ing step. The user may select a desired LDPC code from the 
code set using one or more of programmable inputs 503 and 
507 (FIG. 5). 
As an example, using a circulant size S of 256 and 128 

columns in the mother matrix (N-128), then the overall 
block length may be given by 128x256,or 32K bits. Now a set 
of LDPC codes may be designed with different rate assign 
ments. Different BCH correction powers may then be sup 
ported while maintaining the overall system code rate 
requirement (e.g., Rs 1/2). The exact code rate may be 
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achieved by inserting one or more known bit patterns, such as 
Zero bits. Table 1, below, shows some illustrative LDPC code 
rates, Ric, corresponding BCH correction powers, T. 
and the number of bits to pad in order to achieve the overall 
system code rate requirement (Rs. 1/2 in the example shown 
in Table 1 below). An ECC processor or software routine may 
select the appropriate LDPC code based on, for example, 
channel conditions and/or the channel detector performance. 

TABLE 1. 

RLDPC TBCH Padding (bits) 

65,128 17 1 
66,128 34 2 
67,128 51 3 
68,128 68 4 
69,128 85 5 

Referring now to FIGS. 7A-7G, various exemplary imple 
mentations of the present invention are shown. 

Referring now to FIG. 7A, the present invention can be 
implemented in a hard disk drive 700. The present invention 
may implement either or both signal processing and/or con 
trol circuits, which are generally identified in FIG. 7A at 702. 
In some implementations, the signal processing and/or con 
trol circuit 702 and/or other circuits (not shown) in the HDD 
700 may process data, perform coding and/or encryption, 
perform calculations, and/or format data that is output to 
and/or received from a magnetic storage medium 706. 
The HDD 700 may communicate with a host device (not 

shown) such as a computer, mobile computing devices Such 
as personal digital assistants, cellular phones, media or MP3 
players and the like, and/or other devices via one or more 
wired or wireless communication links 708. The HDD 700 
may be connected to memory 709 such as random access 
memory (RAM), low latency nonvolatile memory Such as 
flash memory, read only memory (ROM) and/or other suit 
able electronic data storage. 

Referring now to FIG. 7B, the present invention can be 
implemented in a digital versatile disc (DVD) drive 710. The 
present invention may implement either or both signal pro 
cessing and/or control circuits, which are generally identified 
in FIG. 7B at 712, and/or mass data storage of the DVD drive 
710. The signal processing and/or control circuit 712 and/or 
other circuits (not shown) in the DVD 710 may process data, 
perform coding and/or encryption, perform calculations, and/ 
or format data that is read from and/or data written to an 
optical storage medium 716. In some implementations, the 
signal processing and/or control circuit 712 and/or other cir 
cuits (not shown) in the DVD 710 can also perform other 
functions such as encoding and/or decoding and/or any other 
signal processing functions associated with a DVD drive. 
The DVD drive 710 may communicate with an output 

device (not shown) Such as a computer, television or other 
device via one or more wired or wireless communication 
links 717. The DVD 710 may communicate with mass data 
storage 718that stores data in a nonvolatile manner. The mass 
data storage 718 may include a hard disk drive (HDD). The 
HDD may have the configuration shown in FIG. 7A. The 
HDD may be a mini HDD that includes one or more platters 
having a diameter that is Smaller than approximately 1.8". 
The DVD 710 may be connected to memory 719 such as 
RAM, ROM, low latency nonvolatile memory such as flash 
memory and/or other Suitable electronic data storage. 

Referring now to FIG. 7C, the present invention can be 
implemented in a high definition television (HDTV) 720. The 
present invention may implement either or both signal pro 
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10 
cessing and/or control circuits, which are generally identified 
in FIG.7C at 722, a WLAN interface and/or mass data storage 
of the HDTV 720. The HDTV 720 receives HDTV input 
signals in either a wired or wireless format and generates 
HDTV output signals for a display 726. In some implemen 
tations, signal processing circuit and/or control circuit 722 
and/or other circuits (not shown) of the HDTV 720 may 
process data, perform coding and/or encryption, perform cal 
culations, format data and/or perform any other type of 
HDTV processing that may be required. 
The HDTV 720 may communicate with mass data storage 

727 that stores data in a nonvolatile manner such as optical 
and/or magnetic storage devices for example hard disk drives 
HDD and/or DVDs. At least one HDD may have the configu 
ration shown in FIG. 7A and/or at least one DVD may have 
the configuration shown in FIG.7B. The HDD may be a mini 
HDD that includes one or more platters having a diameter that 
is smaller than approximately 1.8". The HDTV 720 may be 
connected to memory 728 such as RAM, ROM, low latency 
nonvolatile memory such as flash memory and/or other Suit 
able electronic data storage. 
The HDTV 720 also may support connections with a WLAN 
via a WLAN network interface 729. 

Referring now to FIG. 7D, the present invention imple 
ments a control system of a vehicle 730, a WLAN interface 
and/or mass data storage of the vehicle control system. In 
Some implementations, the present invention may implement 
a powertrain control system 732 that receives inputs from one 
or more sensors such as temperature sensors, pressure sen 
sors, rotational sensors, airflow sensors and/or any other Suit 
able sensors and/or that generates one or more output control 
signals such as engine operating parameters, transmission 
operating parameters, and/or other control signals. 
The present invention may also be implemented in other 

control systems 740 of the vehicle 730. The control system 
740 may likewise receive signals from input sensors 742 
and/or output control signals to one or more output devices 
744. In some implementations, the control system 740 may be 
part of an anti-lock braking system (ABS), a navigation sys 
tem, a telematics system, a vehicle telematics system, a lane 
departure system, an adaptive cruise control system, a vehicle 
entertainment system such as a stereo, DVD, compact disc 
and the like. Still other implementations are contemplated. 
The powertrain control system 732 may communicate with 

mass data storage 746 that stores data in a nonvolatile manner. 
The mass data storage 746 may include optical and/or mag 
netic storage devices for example hard disk drives HDD and/ 
or DVDs. At least one HDD may have the configuration 
shown in FIG. 7A and/or at least one DVD may have the 
configuration shown in FIG. 7B. The HDD may be a mini 
HDD that includes one or more platters having a diameter that 
is smaller than approximately 1.8". The powertrain control 
system 732 may be connected to memory 747 such as RAM, 
ROM, low latency nonvolatile memory such as flash memory 
and/or other Suitable electronic data storage. The powertrain 
control system 732 also may support connections with a 
WLAN via a WLAN network interface 748. The control 
system 740 may also include mass data storage, memory 
and/or a WLAN interface (all not shown). 

Referring now to FIG. 7E, the present invention can be 
implemented in a cellular phone 750 that may include a 
cellular antenna 751. The present invention may implement 
either or both signal processing and/or control circuits, which 
are generally identified in FIG. 7E at 752, a WLAN interface 
and/or mass data storage of the cellular phone 750. In some 
implementations, the cellular phone 750 includes a micro 
phone 756, an audio output 758 such as a speaker and/or audio 
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outputjack, a display 760 and/or an input device 762 such as 
a keypad, pointing device, Voice actuation and/or other input 
device. The signal processing and/or control circuits 752 
and/or other circuits (not shown) in the cellular phone 750 
may process data, perform coding and/or encryption, perform 
calculations, format data and/or perform other cellular phone 
functions. 
The cellular phone 750 may communicate with mass data 

storage 764 that stores data in a nonvolatile manner Such as 
optical and/or magnetic storage devices for example hard disk 
drives HDD and/or DVDs. At least one HDD may have the 
configuration shown in FIG. 7A and/or at least one DVD may 
have the configuration shown in FIG. 7B. The HDD may be a 
mini HDD that includes one or more platters having a diam 
eter that is smaller than approximately 1.8". The cellular 
phone 750 may be connected to memory 766 such as RAM, 
ROM, low latency nonvolatile memory such as flash memory 
and/or other suitable electronic data storage. The cellular 
phone 750 also may support connections with a WLAN via a 
WLAN network interface 768. 

Referring now to FIG. 7F, the present invention can be 
implemented in a set top box. 780. The present invention may 
implement either or both signal processing and/or control 
circuits, which are generally identified in FIG. 7F at 784, a 
WLAN interface and/or mass data storage of the set top box 
780. The set top box. 780 receives signals from a source such 
as a broadband source and outputs standard and/or high defi 
nition audio/video signals suitable for a display 788 such as a 
television and/or monitor and/or other video and/or audio 
output devices. The signal processing and/or control circuits 
784 and/or other circuits (not shown) of the set top box 780 
may process data, perform coding and/or encryption, perform 
calculations, format data and/or performany other set top box 
function. 
The set top box. 780 may communicate with mass data 

storage 790 that stores data in a nonvolatile manner. The mass 
data storage 790 may include optical and/or magnetic storage 
devices for example hard disk drives HDD and/or DVDs. At 
least one HDD may have the configuration shown in FIG. 7A 
and/or at least one DVD may have the configuration shown in 
FIG. 7B. The HDD may be a mini HDD that includes one or 
more platters having a diameter that is Smaller than approxi 
mately 1.8". The set top box 780 may be connected to 
memory 794 such as RAM, ROM, low latency nonvolatile 
memory Such as flash memory and/or other Suitable elec 
tronic data storage. The set top box 780 also may support 
connections with a WLAN via a WLAN network interface 
796. 

Referring now to FIG. 7G, the present invention can be 
implemented in a media player 800. The present invention 
may implement either or both signal processing and/or con 
trol circuits, which are generally identified in FIG.7G at 804, 
a WLAN interface and/or mass data storage of the media 
player 800. In some implementations, the media player 800 
includes a display 807 and/or a user input 808 such as a 
keypad, touchpad and the like. In some implementations, the 
media player 800 may employ a graphical user interface 
(GUI) that typically employs menus, drop down menus, icons 
and/or a point-and-click interface via the display 807 and/or 
user input 808. The media player 800 further includes an 
audio output 809 Such as a speaker and/or audio output jack. 
The signal processing and/or control circuits 804 and/or other 
circuits (not shown) of the media player 800 may process 
data, perform coding and/or encryption, perform calcula 
tions, format data and/or perform any other media player 
function. 
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The media player 800 may communicate with mass data 

storage 810 that stores data Such as compressed audio and/or 
Video content in a nonvolatile manner. In some implementa 
tions, the compressed audio files include files that are com 
pliant with MP3 format or other suitable compressed audio 
and/or video formats. The mass data storage may include 
optical and/or magnetic storage devices for example hard disk 
drives HDD and/or DVDs. At least one HDD may have the 
configuration shown in FIG. 7A and/or at least one DVD may 
have the configuration shown in FIG. 7B. The HDD may be a 
mini HDD that includes one or more platters having a diam 
eter that is smaller than approximately 1.8". The media player 
800 may be connected to memory 814 such as RAM, ROM, 
low latency nonvolatile memory Such as flash memory and/or 
other suitable electronic data storage. The media player 800 
also may support connections with a WLAN via a WLAN 
network interface 816. Still other implementations in addition 
to those described above are contemplated. 
The foregoing describes systems and methods for provid 

ing concatenated codes for holographic storage. 
One skilled in the art will appreciate that the invention can be 
practiced by other than the described embodiments, which are 
presented for purposes of illustration and not of limitation, 
and the present invention is limited only by the claims that 
follow. 
What is claimed is: 
1. A method for implementing a concatenated code on a 

data storage channel, the method comprising: 
selecting a correction power for an outer BCH code: 
selecting an inner code rate for an inner iteratively decod 

able code based, at least in part, on an overall system 
code rate: 

designing the inner iteratively decodable code for the inner 
code rate, wherein the inner iteratively decodable code 
has an associated matrix representation; 

designing the outer BCH code for the correction power; 
increasing the correction powerfor the outer BCH code by 

allocating one or more bits from the matrix representa 
tion to the outer BCH code while maintaining the overall 
system code rate, wherein the one or more bits are allo 
cated by reducing the number of rows in the matrix 
representation; 

encoding user information with the outer BCH code and 
the inner iteratively decodable code; and 

storing the encoded user information on the data storage 
channel. 

2. The method of claim 1 wherein selecting the correction 
power for the outer BCH code comprises receiving a user 
programmable input, and wherein the user-programmable 
input is indicative of the correction power. 

3. The method of claim 2 further comprising dynamically 
adjusting the correction power based on an expected inner 
code error rate. 

4. The method of claim 1 wherein the inner iteratively 
decodable code is selected from the group consisting of an 
LDPC code and a turbo code. 

5. The method of claim 1 wherein the data storage channel 
comprises a holographic data storage channel. 

6. The method of claim 5 further comprising: 
interleaving the encoded user information stored on the 

holographic data storage channel; and 
generating a plurality of codewords from the interleaved, 

encoded user information. 
7. The method of claim 6 wherein interleaving the encoded 

user information comprises interleaving encoded user infor 
mation stored across more than one page of the holographic 
data storage channel. 
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8. The method of claim 1 wherein the inner iteratively 
decodable code comprises an LDPC code, the method further 
comprising: 

constructing a mother matrix representation of a quasi 
cyclic parity check matrix for the LDPC code: 

reducing the number of rows in the mother matrix repre 
sentation; and 

increasing the correction power for the outer BCH code 
while maintaining a constant overall system code rate. 

9. The method of claim 1 wherein the inner iteratively 
decodable code comprises at least two different LDPC codes. 

10. The method of claim 9 further comprising: 
constructing at least two mother matrix representations of 

at least two quasi-cyclic parity check matrices for the at 
least two different LDPC codes, wherein the at least two 
different LDPC codes are associated with the same cir 
culant size S., and wherein the at least two mother 
matrix representations have a different number of rows: 
and 

receiving a user-programmable input that selects one of the 
at least two different LDPC codes. 

11. The method of claim 10 further comprising dynami 
cally selecting one of the at least two different LDPC codes 
based, at least in part, on error statistics associated with the 
data storage channel. 

12. A system for implementing a concatenated code, com 
prising: 

an outer BCH code associated with a correction power; 
an inner iteratively decodable code associated with a 

matrix representation and an inner code rate, wherein the 
inner code rate is based, at least in part, on an overall 
system code rate; 

an encoder to encode user information using the outerBCH 
code and the inner iteratively decodable code, wherein 
the encoder is configured to increase the correction 
powerfor the outer BCH code by allocating one or more 
bits from the matrix representation to the outer BCH 
code while maintaining the overall system code rate, and 
wherein the one or more bits are allocated by reducing 
the number of rows in the matrix representation; and 

a data storage channel to store the encoded user informa 
tion. 

13. The system of claim 12 wherein the correction power 
for the outer BCH code is selected based on at least one 
user-programmable input that is indicative of the correction 
power. 
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14. The system of claim 13 wherein the encoder is config 

ured to dynamically adjust the correction power based on an 
expected inner code error rate. 

15. The system of claim 12 wherein the inner iteratively 
decodable code is selected from the group consisting of an 
LDPC code and a turbo code. 

16. The system of claim 12 wherein the data storage chan 
nel comprises a holographic data storage channel. 

17. The system of claim 16 further comprising: 
an interleaver configured to interleave the encoded user 

information stored on the holographic data storage chan 
nel, wherein the encoder generates a plurality of code 
words from the interleaved, encoded user information. 

18. The system of claim 17 wherein the interleaver is 
configured to interleave encoded user information stored 
across more than one page of the holographic data storage 
channel. 

19. The system of claim 12 wherein the inner iteratively 
decodable code comprises an LDPC code and wherein the 
encoder is configured to: 

construct a mother matrix representation of a quasi-cyclic 
parity check matrix for the LDPC code: 

reduce the number of rows in the mother matrix represen 
tation; and 

increase the correction powerfor the outer BCH code while 
maintaining a constant overall system code rate. 

20. The system of claim 12 wherein the inner iteratively 
decodable code comprises at least two different LDPC codes. 

21. The system of claim 20 wherein the encoder is config 
ured to: 

construct at least two mother matrix representations of at 
least two quasi-cyclic parity check matrices for the at 
least two different LDPC codes, wherein the at least two 
different LDPC codes are associated with the same cir 
culant size S., and wherein the at least two mother 
matrix representations have a different number of rows; 
and 

receive a user-programmable input that selects one of the at 
least two different LDPC codes. 

22. The system of claim 21 wherein the encoder is config 
ured to dynamically select one of the at least two different 
LDPC codes based, at least in part, on error statistics associ 
ated with the data storage channel. 
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